abstract: Ovarian follicles are the basic functional units in the mammalian ovary. This review summarizes early pioneering studies and focuses on recent progress that has shown that there are two distinct classes of primordial follicles in the ovary: the first wave of primordial follicles that are activated immediately after they are formed and the adult primordial follicles that are activated gradually in later life. These two separate classes have been proposed for two decades, but sufficient experimental evidence to support this hypothesis has only been obtained recently using newly developed follicular tracing techniques in genetically modified mouse models. These two follicle populations differ from each other primarily in terms of their developmental dynamics and their contributions to ovarian physiology. It is apparent now that these two follicle populations should be treated separately, and such knowledge will hopefully lead to a more in-depth understanding of how distinct types of primordial follicles contribute to physiologic and pathologic alterations of the mammalian ovary.
Introduction
Ovarian follicles are the basic functional units in the mammalian ovary. Each follicle is composed of an oocyte and the surrounding somatic supporting cells. Unlike tissues in many other organs, ovarian follicles display unique developmental fates and thus represent independent functional units within the ovary (McGee and Hsueh, 2000) .
Defining the developmental dynamics of individual ovarian follicles has been a subject of interest for decades. Although molecular mechanisms regulating the activation and survival of primordial follicles have been extensively studied in recent years with genetically modified mouse models (for some reviews, see Adhikari and Liu, 2009; Reddy et al., 2010; Zheng et al., 2012) , much less is known about how individual ovarian follicles develop under physiological conditions. This review aims to provide a summary of the recent advances in our understanding of the distinct developmental dynamics and physiological roles of two unique populations of ovarian follicles in mammals using the mouse ovary as a model system.
The formation of the two distinct classes of primordial follicles
A pioneering study by Hirshfield (1992) proposed the hypothesis that there are two populations of primordial follicles in the post-natal rat ovary. By autoradiographic labeling of the somatic cells in the embryonic gonad, Hirshfield found that the medullary granulosa cells had all developed from the mitotically quiescent progenitor cells during mid-to late gestation. The cortical pregranulosa cells, however, had derived from the actively proliferating progenitor cells at the same developmental stage. Such distinct origins of supporting cells strongly suggested that there were two distinct populations of primordial follicles in the postnatal rat ovary. The medullary follicles start to grow as soon as they are formed, whereas the cortical primordial follicles mature gradually over the reproductive lifespan of the animal (Hirshfield, 1992; Hirshfield and DeSanti, 1995) . Therefore, in this review we refer to the former as the first wave of primordial follicles and to the latter as the adult primordial follicles.
Two decades after those original experiments, Mork et al. (2012) provided more detailed evidence for the hypothesis by showing that the two populations of primordial follicles in the mouse ovary can be distinguished by the sequential expression of Forkhead box L2 (Foxl2) in their pregranulosa cells. Foxl2 is a forkhead transcription factor expressed in somatic cells of the early XX gonad and in pregranulosa and granulosa cells and is a key regulator of granulosa cell function and ovarian development (Pisarska et al., 2011) . Combining the tamoxifen-inducible labeling of Foxl2-expressing cells and the BrdU/MitoTracker-based cell lineage tracing, Mork et al. (2012) observed that from embryonic day (E) 11.5 to E14.5, Foxl2-negative supporting cell precursors constantly ingress from the epithelium of the fetal gonad. These cycling precursors continue proliferating before the expression of Foxl2 is elevated at which time proliferation rates slow significantly. The Foxl2-expressing supporting cells remain quiescent in the ovarian medulla during fetal development but resume the mitotic cycle after birth along with the development of the first wave of primordial follicles.
The second population of cycling precursors arises from E15.5 to post-natal day (PD) 4, and no more precursors ingress from the ovarian surface epithelium after PD7. Such Foxl2-negative supporting cell precursors continue proliferating in the peripheral region of the neonatal ovary. They only differentiate into Foxl2-expressing pregranulosa cells at the end of the assembly of adult primordial follicles, which occurs a few days after birth (Mork et al., 2012) . This finding provides strong supporting evidence to the proposal by Hirshfield that the first wave of primordial follicles in the ovarian medulla arise from supporting cells in the surface epithelium of the fetal ovary and that the adult primordial follicles in the ovarian cortex are formed by supporting cells in the surface epithelium of the post-natal ovary. However, the labeling efficiency of Foxl2-expressing cells was fairly low in this study, and it was not possible to label all Foxl2-expressing supporting cells in the fetal gonad and then trace their development in the ovaries of born pups (Mork et al., 2012) .
Very recently, an independent study using a novel tamoxifen-inducible reporter mouse model, Foxl2-CreER T2 ;mT/mG, has provided solid in vivo evidence for the different origins of the two populations of primordial follicles (Zheng et al., 2014) . In this study, tamoxifen injection causes the fluorescence of Foxl2-expressing cells to switch from red (tdTomato) to green (EGFP). When tamoxifen was injected into pregnant females at E16.5, the Foxl2-expressing supporting cells were efficiently labeled. In live pups, these labeled cells consisted primarily of the granulosa cells of the first wave of follicles in the ovary at PD3 and PD13. On the other hand, if tamoxifen was injected into the pups at PD5, both the pregranulosa cells of the adult primordial follicles and the granulosa cells of the first wave of activated follicles were labeled (Zheng et al., 2014) . These findings indicate that two batches of Foxl2-expressing supporting cells are recruited sequentially to form the first wave of primordial follicles and the adult primordial follicles in the mouse ovary. The visual evidence described above clearly shows that two classes of primordial follicles are formed at different developmental stages in the mouse ovary. Over a period lasting from E17.5 to PD7 in mice (Pepling, 2012) , the formation of primordial follicles seems to start with the assembly of the first wave of primordial follicles along with the recruitment of the embryonic wave of Foxl2-expressing supporting cells. This period finishes with the assembly of the adult primordial follicles along with the recruitment of the neonatal wave of Foxl2-expressing pregranulosa cells (Fig. 1) .
The developmental dynamics of the first wave and adult primordial follicles
Early studies drew up several timetables for the developmental dynamics of ovarian follicles in rodents. By autoradiographic labeling of granulosa cells, Pedersen (1970) calculated that 19 days were needed for primary follicles to reach ovulation in adult mice. Hoage and Cameron (1976) suggested that this developmental course occurred over 17 days in adult mice. By autoradiographic labeling of the zona pellucida, Oakberg observed that the development of ovarian follicles from the primary stage to ovulation took around 5-6 weeks in adult mice (Oakberg and Tyrrell, 1975; Oakberg, 1979) , almost twice the time proposed by Pedersen and Hoage. These tracing studies represent the earliest trials attempting to dissect the developmental dynamics of ovarian follicles in mammals.
Despite the promise of these early studies, it was not possible to distinguish the first wave primordial follicles from adult primordial follicles by autoradiographic labeling. Moreover, only primary or further developed follicles can be labeled by the integration of isotopes into granulosa cells or the zona pellucida. It was, therefore, necessary to develop new tools to precisely label the two populations of primordial follicles and trace Figure 1 Two classes of primordial follicles are formed by two waves of Foxl2-expressing supporting cells. In the embryonic wave, the Foxl2-negative precursors migrate from the epithelium to the medulla of the gonad and differentiate into Foxl2-expressing supporting cells from E11.5. They develop into granulosa cells of the first wave of follicles after birth. The ingression lasts until about E14.5. The other group of Foxl2-negative precursors continues proliferating at the cortex of the gonad until birth. The expression of Foxl2 is then elevated in these cells after the formation of adult primordial follicles, and this constitutes the neonatal wave of Foxl2-expressing supporting cells. This figure is adapted from Mork et al. (2012) .
Two classes of ovarian primordial follicles their development. Central to such selective labeling is the identification of primordial follicle-specific markers. Studies on two genes, Foxl2 and spermatogenesis and oogenesis-specific basic helix-loop-helix 1 (Sohlh1), have provided useful information on the use of in vivo markers in targeting the two populations of primordial follicles, and this is discussed below.
Development of the first wave of primordial follicles
The expression of Foxl2 is restricted to pregranulosa and granulosa cells in the post-natal mouse ovary. As mentioned earlier, the first wave of primordial follicles could be selectively targeted in the Foxl2-CreER T2 ;mT/mG mouse model when tamoxifen was administered at E16.5 (Zheng et al., 2014) (Fig. 2a) . By tracing their development, it has been shown that the first wave of follicles dominate the growing follicle pool until about PD45 to PD50 and are exhausted by 3 months of age (Table I ). In line with this finding, the first wave of follicles show rather divergent ripening times with some entering into the antral stage at PD23 and some others not being ovulated until 3 months of age ( Fig. 3 and Table I ). Thus, the first wave of follicles are gradually replaced by the adult primordial follicles over a relatively long period of time in the mouse ovary.
Moreover, the first wave of primordial follicles are formed and activated within a short time window around birth (Hirshfield, 1992; Hirshfield and DeSanti, 1995) . It thus can be concluded that the first wave of primordial follicles exhibit unique developmental dynamics that are characterized by synchronized activation but asynchronous maturation under physiological conditions (Zheng et al., 2014) .
Development of the adult primordial follicles
Sohlh1 has been shown to be a testis and ovary-specific transcription factor is essential for spermatogenesis, oogenesis and folliculogenesis Pangas et al., 2006) . Because the Sohlh1 promoter is only active in the germ cell clusters and oocytes of the primordial follicles (Pangas et al., 2006) , a Sohlh1-CreER T2 knock-in mouse model was developed in a recent tracing study to target primordial follicles (Zheng et al., 2014) . In this study, a primordial follicle-specific reporter line Sohlh1-CreER
T2
;R26R was generated. Upon tamoxifen injection, the Sohlh1-expressing oocytes are stained with a blue color after b-galactosidase staining. The adult primordial follicles are, therefore, labeled in Sohlh1-CreER T2 ;R26R females by injection of tamoxifen at adulthood (Zheng et al., 2014) (Fig. 2b) . Such labeled adult primordial follicles can be traced throughout the reproductive life of the mouse after tamoxifen injection. By sacrificing the females at different time points after tamoxifen injection, the minimal times needed for adult primordial follicles to reach primary, secondary, early antral and antral stage can be calculated to be 7, 23, 37 and 47 days, respectively, which is in sharp contrast to the relatively fast growing first wave of follicles (Fig. 3) . Early studies have shown that the level of gonadotrophin is much higher in early post-natal rats than in post-pubertal rats (Dahl et al., 1988) . On the other hand, injection of GnRH antagonist into pre-pubertal rats diminished the level of gonadotrophin and decreased the number of growing follicles simultaneously (VanCapellen et al., 1989) . Therefore, the distinct developmental dynamics of the two populations of primordial follicles might, at least partially, be attributed to the local levels of gonadotrophin.
Moreover, in the Sohlh1-CreER T2 ;R26R mouse model, labeled growing follicles were continuously observed from 7 days to 14 months (the longest time studied) after tamoxifen injection (Zheng et al., 2014) . This is consistent with the early hypothesis that adult primordial follicles are activated progressively throughout the reproductive lifetime of the mouse (Hirshfield, 1992; Adhikari and Liu, 2009 ). Collectively, the results described above demonstrate that the two populations of primordial follicles exhibit distinct developmental dynamics and that the lifespans of each individual ovarian follicle are not fixed but show large variations. It is worth noting that although the oocytes of the adult primordial follicles are formed later than those of the first wave of primordial follicles (Hirshfield, 1992; Hirshfield and DeSanti, 1995) , a small number of the adult primordial follicles mature and ovulate earlier than some of the first wave of primordial follicles during young adulthood in mice (Zheng et al., 2014) . This is in contradiction to the 'production line' hypothesis that the order in which oocytes are ovulated during adult life follows the order in which female germ cells become committed to meiosis (Henderson and Edwards, 1968; Polani and Crolla, 1991) .
The physiological roles of the two classes of primordial follicles

Roles in the onset of puberty
In mammals, the steroid hormones produced by the growing follicles in the ovary serve as the feedback signal to the hypothalamus and pituitary gland during the establishment of the hypothalamic -pituitary -ovarian (H -P -O) axis and the onset of puberty (Ojeda et al., 1986) . The recent tracing study described above has shown that the first wave of follicles constitutes the growing follicle pool from PD23 to PD35, and all antral follicles are derived from the first wave of follicles at this stage (Zheng et al., 2014) (Table I) . Apart from the relatively short maturation time, the expression of several steroidogenic enzymes is aberrant in the first wave of follicles in the pre-pubertal rat ovary, and this leads to a lower production of estradiol (Galas et al., 2012) . It can be speculated that the first wave of follicles possess unique developmental and biochemical features to ensure ovarian functionality during the pre-pubertal period. Thus, the first wave of follicles appear to be responsible for the establishment of the H -P -O axis and the onset of puberty.
The distinct roles of the two populations of primordial follicles in maintaining the H -P -O axis have been elucidated using an ovarian kidney capsule transplantation model (Kiroshka and Tishchenko Yu, 2012) . When adult ovarian tissue was transplanted into ovariectomized adult rats, normal follicular development and corpora lutea formation could be observed in the grafts from 10 days after the transplantation. The production of estradiol and progesterone reached peak levels at 30 days after the transplantation and lasted for more than 70 days. It can be postulated, therefore, that the progressive activation of the adult primordial follicles within the grafts generated a long-lasting growing follicle pool to maintain the H -P -O axis. In contrast, when neonatal ovarian tissue was transplanted into ovariectomized adult hosts, the grafts experienced a boost in follicular development accompanied by the formation of multiple ovarian cysts by 30 days after the transplantation. However, the size of grafts shrank dramatically at 60 days after the transplantation and no live follicles were observed at 100 days after the grafting. This is consistent with the minimal and maximal maturation time for the first wave of follicles under physiological conditions (Zheng et al., 2014) . Accordingly, the production of estradiol and progesterone also peaked at 30 days after the transplantation and then dropped back to the basal Figure 3 The minimal developmental times of the two classes of primordial follicles. The first wave of primordial follicles are activated immediately after they are formed and they reach the antral stage in 23 days. The activation of adult primordial follicles takes at least 7 days and they reach the antral stage in 47 days. This figure is adapted from ref. Zheng et al. (2014) .
Two classes of ovarian primordial follicles level by 60 days after the transplantation. It is apparent that the first wave of follicles within the grafted neonatal ovarian tissues vanished after the transplantation and that there was no replenishment of follicles in the growing follicle pool. Consequently, the H-P-O axis can only be maintained for a short period in the hosts (Kiroshka and Tishchenko Yu, 2012) . Based on these observations, it can be speculated that the first wave of follicles facilitate the establishment of the H-P-O axis during the initial period of reproductive life. The role of adult primordial follicles is to provide the follicular source for maintaining the H-P-O axis during adult life.
Inter-follicle growth inhibition
Inter-follicle communication has long been postulated to play a key role in determining the fate of ovarian follicles. One example of this is the inhibition of neighboring follicles by the dominant growing follicles (Baker and Spears, 1999) . Anti-Müllerian hormone (AMH) is expressed in granulosa cells of growing follicles with peak expression in pre-antral and small antral follicles (Durlinger et al., 2002) . It has been reported that both the activation of primordial follicles and the development of growing follicles can be inhibited by AMH (Durlinger et al., 1999 (Durlinger et al., , 2001 Nilsson et al., 2007) . In particular, the number of small growing follicles was found to be increased 2-fold in PD25 mouse ovaries with a null mutation in AMH (Durlinger et al., 1999) . Because all of the growing follicles at this age should be from the first wave of follicles (Zheng et al., 2014) , the extra growing follicles are possibly derived from the prematurely activated adult primordial follicles. It can be speculated, therefore, that a potential role of the first wave of activated follicles might be to generate a cohort of growing follicles to release AMH to suppress the activation of adult primordial follicles and slow down their growth. This notion is also evidenced by the relatively slow replacement of the first wave of follicles by adult follicles in the growing follicle pool over a period of 3 months (Zheng et al., 2014) .
A computational study has proposed that the inhibitory effect on the activation of primordial follicles might come from the neighboring primordial follicles-rather than from the growing follicles-and that this effect is substantially enhanced close to the surface of the ovary (Da SilvaButtkus et al., 2009) . However, the ovaries examined in this work are from PD4 to PD12 mice. According to the recent tracing study (Zheng et al., 2014) , almost all growing follicles at this age are from the first wave of follicles and the majority of the adult primordial follicles remain dormant at this age. Therefore, it is debatable if it is appropriate to take all of the follicles in the ovary and calculate the inter-follicle inhibitory effects in such immature mice.
The contributions to fertility
It was generally believed for many years that most of the first wave of follicles undergo atresia and are anovulatory (Hirshfield and DeSanti, 1995; McGee and Hsueh, 2000; Eppig and Handel, 2012 ). Yet oocytes from the first wave of follicles can mature in vitro and generate live mice and rats (Popova et al., 2002; O'Brien et al., 2003; Eppig et al., 2009) . The recent tracing study showed clear evidence that the first wave of follicles persist in the mouse ovary for up to 3 months and are the dominant ovulating follicles during young adulthood (Zheng et al., 2014) (Table I) . It seems quite clear, therefore, that the contribution of the first wave of follicles to fertility has been under estimated (Zheng et al., 2014) .
After 3 months of age, however, the adult primordial follicles become the only source of the growing follicle pool. The gradual activation of adult primordial follicles provides fertility until the end of reproductive life (Zheng et al., 2014) , with no renewed primordial follicles Lei and Spradling, 2013) .
Concluding remarks
Recent studies have begun to uncover the unique fates and physiological roles of the first wave of primordial follicles and adult primordial follicles in the rodent ovary. Understanding the nature of these follicle populations is crucial for understanding the functions of the mammalian ovary as both a reproductive and an endocrine organ.
Two classes of primordial follicles in the human ovary
Compared with the increasingly clear developmental dynamics of mouse ovarian follicles, the development of individual ovarian follicles in women, especially in pre-pubertal and pubertal girls, remains poorly understood. In the human ovary, the formation of primordial follicles starts from the fourth month of fetal life and is completed by birth (Gougeon, 1996) . Most of the primordial follicles enter a quiescent state (with some of them having reached the primary stage), but a subpopulation of primordial follicles start to grow immediately after they are formed (Gougeon, 1996) . These actively growing follicles are present in the human ovarian medulla throughout infancy and childhood (Lintern-Moore et al., 1974; Peters et al., 1976) , and the number of pre-antral follicles in the ovarian medulla is significantly higher in ovaries of 3-to 9-year-old girls than in older girls and women (Kristensen et al., 2011) . Therefore, there might also be two distinct populations of primordial follicles in the human ovary, and these might exhibit distinct developmental dynamics as seen in the mouse ovary.
Although it was postulated in early studies that all growing follicles in the human ovary undergo atresia before the onset of puberty (ValdesDapena, 1967; Lintern-Moore et al., 1974; Peters et al., 1976) , there was a lack of direct evidence to ascertain whether or not the first wave of follicles contribute to ovulation. Based on the recent follicular tracing studies (Zheng et al., 2014) , it has been proposed that the fertility of women from puberty onset through young adulthood might rely on the first wave of follicles that are already activated at the fetal stage and that fertility in adulthood might rely on adult primordial follicles. The quality of human oocytes deteriorates with age (Gougeon, 1996) . Although the dormant follicles in the ovarian cortex (i.e. the adult primordial follicles) of pre-pubertal girls exhibit compromised in vitro developmental potential compared with those from pubertal and adult women (Anderson et al., 2014) , it remains to be determined whether the oocytes of the first wave of follicles are of higher quality than those that develop from the adult primordial follicles. A recent study has proposed the use of medullary growing follicles for preserving fertility in young female cancer patients (Kristensen et al., 2011) , and the outcome of such studies might address questions about the oocyte viability of the first wave of primordial follicles.
Distinguishing two classes of primordial follicles in basic biological studies
The concept of a first wave of primordial follicles that is distinct from the adult primordial follicles raises an issue that has been overlooked by researchers for decades. In most studies on meiosis or early embryonic development, it is quite common to collect oocytes by stimulating follicle growth with pregnant mare's serum gonadotrophin and priming the ovulation with human chorionic gonadotrophin at 3.5-4 weeks. However, the majority of the oocytes obtained with such a protocol are from the first wave of follicles. It still remains unclear whether the first wave of follicles fully represent the genetic and epigenetic features of adult primordial follicles. More studies are needed to evaluate the differences between the two populations of follicles at both the system and molecular levels.
In summary, there is compelling evidence for the existence of two distinct categories of primordial follicles-the first wave and the adult primordial follicles-in rodent and primate ovaries. These two follicle populations exhibit distinct developmental dynamics and contribute differently to ovarian physiology and functionality. The clarification of the two classes of primordial follicles has extended our research to targetspecific follicle populations or individual follicles, and this will hopefully lead to a more in-depth understanding of how different types of primordial follicles contribute to physiologic and pathologic changes of the mammalian ovary. It will be of great importance in future studies to ascertain whether abnormalities in the two populations of primordial follicles result in different pathologic conditions within the ovaries and within the body as a whole.
